It is known that ischemia reperfusion causes remote organ injury as well as local injury. The aim of this study was to investigate whether N-acetylcysteine has a protective effect against testicular injury after skeletal muscle ischemia reperfusion. Twenty male Wistar rats were allocated to two groups: ischemia reperfusion (control group) and ischemia reperfusion + N-acetylcysteine (treatment group). All animals underwent 2 h of ischemia by occlusion of the femoral artery and 24 h of reperfusion. Rats in treatment group received N-acetylcysteine (150 mg/kg IV) before the reperfusion period. After the reperfusion period, testes were removed for histopathological and biochemical studies. The blood samples were collected for evaluation of serum malondialdehyde (MDA) and nitric oxide (NO) production levels. The MDA levels in testes homogenates were found to be significantly decreased in treatment group (p < 0.05). Treatment of N-acetylcysteine significantly decreased serum MDA and NO levels compared to the control group (p < 0.05). In the control group, tissues showed histological changes. Histopathologically, there was a significant difference (p < 0.05) between two groups. According to histological and biochemical findings, we conclude that N-acetylcysteine has preventive effects in the testicular injury after skeletal muscle ischemia reperfusion.
Introduction
Limb ischemia reperfusion injury is one of the most common types of injuries that occur in a variety of conditions such as trauma, disease and surgery. Although there are limited experimental studies, it is known that ischemia reperfusion injury causes damage in organs not related to the initial ischemic tissues; this is termed "remote organ injury" [1] [2] [3] [4] [5] . As far as we know, there are only a few reports demonstrating remote organ injury following skeletal muscle ischemia reperfusion injury [6, 7] . To our knowledge, this is the first study that shows testicular damage secondary to skeletal muscle ischemia reperfusion. On the basis of the evidence for the role of free radicals in mediating remote organ injury, we aimed to investigate the role of oxidative injury in testicular damage following skeletal muscle ischemia reperfusion injury and the effects of N-acetylcysteine on testicular injury. N-acetylcysteine is not simply an antioxidant drug. It acts as a glutathione precursor, as a chemical reductant of oxidized thiols, as a scavenger of radical oxygen species, as a vasodilator and also improves microcirculation by restoring the decreased activity of endothelium-derived relaxing factor and may have antiaggregant properties [8, 9] . The widely accepted use of N-acetylcysteine in current clinical practice confers an additional advantage for its potential use in the context of trauma, compartment syndrome or ischemia reperfusion injury, as the toxicity profile of the drug is well established and clinicians already are experienced in its use [10] . There is growing evidence regarding its beneficial effects in ameliorating testicular ischemia reperfusion injury [11, 12] . However, its role in reducing the damage in testis after skeletal muscle ischemia reperfusion has not been addressed yet. Herein, we provide evidence that free radicals may play a central role in the mechanism of testicular injury following skeletal muscle ischemia reperfusion. The results of our investigation would help to clarify the potential importance of the use of N-acetylcysteine in situations of oxidative damage. These findings may encourage the use of antioxidants to reduce remote organ injury after skeletal muscle ischemia reperfusion.
Material and methods
All rats of the present research were kept according to the norms of the Islamic Azad University Faculty of Specialized Veterinary Sciences Tehran Iran laboratory of animal experimentations; this investigation was approved by the Committee of Ethics in Research with Animals in Islamic Azad University. The study was designed so as to minimize the number of animals required for the experiments.
Experimental protocol
Twenty male Wistar rats weighing 250-300 g (10-12 weeks old) were used for this study. Animals were housed at a constant room temperature of 22°C under a 12-h light/12-h dark cycle for 4 days before the experiment and were fed on a commercial rodent diet and filtered tap water ad libitum. Animals were randomly allocated to two experimental groups (n = 10): ischemia-reperfusion (control group) and ischemiareperfusion plus N-acetylcysteine (treatment group).
On the day of the experiment, anesthesia was induced using intramuscular ketamine hydrochloride 10% (50 mg/kg) plus xylazine hydrochloride 2% (10 mg/kg). After induction of anesthesia, each rat was placed on its back on an operating table, and its extremities were fixed to the table using sticking plaster, then the left hind limb was prepared for sterile surgery. A skin incision was made on medial surface of the left hind limb. After isolating the femoral artery and vein from the surrounding tissues, the femoral artery was clamped with a mini bulldog forceps for 2 hours.
Before clamping the femoral artery, 250 IU of heparin was administered via the jugular vein to prevent clotting. Animals were maintained in dorsal recumbence and kept anesthetized throughout the duration of the ischemic period. Additional doses were given as necessary to maintain anesthesia during the experiment. Body temperature was maintained with a heating pad whilst the animal was under anesthesia. In treatment group N-acetylcysteine (150 mg/kg) was injected intravenously immediately before reperfusion. Following the ischemic period, the vascular forceps was removed and then surgical site was routinely closed with 3/0 polypropylene sutures. After surgery, fluid losses were replaced by intraperitoneal administration of 5 ml of warm isotonic saline, and rats were returned to their cages with food and water ad libitum. Postoperative analgesia was maintained using of subcutaneous nalbuphine hydrochloride (2 mg/kg). After 24 h of reperfusion, all animals were anesthetized again with ketamine plus xylazine and a longitudinal incision of approximately 2.0 cm was made to the scrotal raphe for bilateral orchiectomies (a procedure involving cord clamping and hemostasis). Right testes were processed for histopathological examination and left testes were washed with normal saline and stored in a -20°C refrigerator for the evaluation of biochemical parameters. The blood samples were collected from heart and submitted for evaluation of serum malondialdehyde (MDA) and nitric oxide (NO) production levels. Then the rats were euthanized with an overdose of intra-peritoneal pentobarbital by injection (300 mg/kg).
Biochemical assay
Blood was drawn from the heart to determine the levels of MDA (end product of lipid peroxidation) and NO production. Serum was separated by centrifugation (1000 rpm 10 min) at 4°C. Serum samples were stored at -80°C until the determination of the biochemical parameters. The MDA content of serum was determined spectrophotometrically by measuring the presence of thiobarbituric acid reactive substances [13] . Results are expressed as µmol/l. As serum nitrite (NO 2 -) and nitrate (NO 3 -) levels can be used to estimate NO production, we measured the concentration of these stable NO oxidative metabolites. Quantitation of NO 2 -and NO 3 -was based on the Griess reaction, in which a chromophore with strong absorbance at 545 nm is formed by reaction of NO 2 -with a mixture of naphtyhlethylenediamine and sulfanilamide [14] . Results are expressed as µmol/l. MDA levels in the testicular tissue were measured by the method developed by Ohkawa [15] . This is based on the measurement of thiobarbituric acid malondialdehyde absorbance. The tissue MDA levels were expressed as nmol/g tissue.
Histopathological examination
The right extracted testes were immediately placed into 10% formalin solution. The tissue specimens were placed in paraffin blocks, sectioned at 5 µm, and stained with hematoxylin-eosin (HE). The sections were examined under light microscope (Olympus BH2, Olympus Optical Co, Tokyo, Japan) by a pathologist who was blinded to the experiment and data. The histological parameters were scored according to Cosentino and colleagues' classification (Table I) [16] .
Statistical analysis
Statistical analyses were carried out using SPSS statistical software package (version 18). Distribution of the groups was analyzed with one sample Kolmogorov-Smirnov test. The Mann-Whitney U-test and t-test were employed to analyze two groups consecutively. Results were expressed as the mean ± standard deviation. Values of p < 0.05 were considered as statistically significant.
Results
The experimental procedure was well tolerated and no animal died during the experiment. One of the most interesting observations in our study is the presence of sloughed germinal cells within the seminiferous tubules and disorganization in rat testes after skeletal muscle ischemia reperfusion injury. The testicular injury score increased significantly in the control group compared with the N-acetylcysteine treated group (p < 0.05). Histopathologically, the rats in the treatment group had essentially normal seminiferous tubule morphology (Figs.  1 and 2 ). In the control group (Figs. 3 and 4) , the lesions varied between grade III and grade IV. In this group, edema, congestion, hemorrhage between seminiferous tubules and necrosis of the germinal cells were predominant features in sections. However, in the treatment group, more rats had grade I and II injury and histopathological features which were significantly lower than the control group (p < 0.05) ( Table II) .
The serum MDA and NO values in the control group were elevated by ischemia reperfusion injury; however, N-acetylcysteine treatment significantly decreased the ischemia reperfusion-induced elevation in the MDA and NO levels (p < 0.05). The level of MDA was significantly increased in the testes tissue of the control group (p < 0.001).
Discussion
Ischemia reperfusion injury not only affects local tissue but can also result in life-threatening damage to Grade IV Injury defined seminiferous tubules that were closely packed with coagulative necrosis of the germinal cells remote organs such as lungs, heart, liver, kidneys and testes [17] [18] [19] [20] . Many previous reports suggest that reperfusion following prolonged ischemia stimulates excessive production of reactive oxygen species and triggers the participation of neutrophils causing an inflammatory reaction. In a normal environment, superoxide dismutase, which converts superoxide into hydrogen peroxide, acts to prevent superoxide from damaging tissue [21] , but in reperfusion injury, these natural defenses may be overcome and hydrogen peroxide is converted into the hydroxyl radical, which can damage a wide variety of biological molecules including amino acids, membrane transport proteins and nucleic acids [22] . The most important form of damage caused by oxygen free radicals is due to lipid peroxidation, which results in functional and structural cell alterations [23] . On the other hand, the mechanism of remote organ injury is poorly understood. Oxidant agents as well as inflammatory mediators such as tumor necrosis factor-α, interleukin-1 [24] , and nitric oxide (NO) [25] , adhesion molecules such as intercellular adhesion molecule 1 [24, 26] , and complement [27] have been implicated in the pathogenesis of remote organ injury [20] . The results of Es ' refog lu et al. indicated that myocardial ischemia reperfusion induces severe testicular damage and antioxidant agents have protective effects on testicular injury after myocardial ischemia reperfusion. Their data emphasized that oxygenbased reactants may play a central role in remote organ injury [20] .
N-acetylcysteine is a small molecule containing a thiol group, which has antioxidant properties, and is freely filterable with ready access to intracellular compartments [28, 29] . The diversity of pharmacological applications of N-acetylcysteine is due, mainly to the chemical properties of the cysteinyl thiol group of its 
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molecule, since the ability of reduced thiol groups to scavenge oxygen free radicals is well established [30, 31] . Because of these properties, N-acetylcysteine is widely used in clinical practice as an antioxidant. Recently administered N-acetylcysteine was shown to protect against ischemia reperfusion injuries in local and remote organs and it was suggested that this protective effect may be due to its ability to scavenge free radicals [18, 19, 31] . There is growing evidence regarding its beneficial effects in ameliorating testicular ischemia reperfusion injury [11, 12] . In an experimental study Aktas '
et al. suggested that the administration of N-acetylcysteine (20 mg/kg) 60 min before spermatic cord detorsion may have a protective effect in rat experimental testicular torsion/detorsion models [11] . This observation was supported by Cay et al., who demonstrated that N-acetylcysteine may be a potential protective agent for preventing the negative biochemical changes related to oxidative stress in testicular injury caused by spermatic cord torsion [12] . However, the protective effect of N-acetylcysteine on testes from skeletal muscle ischemia reperfusion injury has not been studied to date. In the current study, we tested the hypothesis that N-acetylcysteine could protect the testes from remote organ injury after skeletal muscle ischemia reperfusion.
In the present study, serum MDA and NO levels were higher in the control group than those of the treatment group. These results strongly suggest that ischemia reperfusion mediated local and remote organ injury is oxygen dependent, as indicated by the increase in the levels of established markers of oxidative stress. MDA, a product of lipid peroxidation, is generated as a result of toxic effects of active oxygen radicals, which destroy unsaturated fatty acids in the cell membranes [32] . Recently, the production of large amounts of NO, a free radical, produced by the inducible isoform of NO synthase has been implicated as a cytotoxic factor in a variety of pathophysiological processes [33, 34] . The cytotoxicity of NO is, in part, mediated by peroxynitrite anion, a reactive oxidant species formed from NO and superoxide an almost diffusion-controlled rate [35] [36] [37] . In summary, the present results demonstrate that testicular damage occurs following skeletal muscle ischemia reperfusion with an increase of NO and MDA. Inhibition of NO by an antioxidant agent, N-acetylcysteine, prevented testicular damage, suggesting that increased NO production is involved in the testes injury induced by the skeletal muscle ischemia reperfusion. These results partially explain the mechanism of testes injury after skeletal muscle ischemia reperfusion and suggest that inhibiting NO production may be a novel pharmacological approach to prevent cell injury.
The results of the present study support the view that temporary occlusion of the femoral artery induced testicular injury in rats. Our results are consistent with those of testicular ischemia and ischemia reperfusion injury [38] [39] [40] [41] . Our data demonstrate that N-acetylcysteine significantly reduces the severity of testes injury, decreasing edema, congestion, hemorrhage between seminiferous tubules and necrosis of the germinal cells in the testes after skeletal muscle ischemia reperfusion injury.
Conclusions
The results of the present study showed that skeletal muscle ischemia reperfusion induced testicular injury in rats. However, administration of the N-acetylcysteine treatment significantly decreased testes injury induced by skeletal muscle ischemia reperfusion according to our histological and biochemical findings. These results suggest the possibility of clinical application of N-acetylcysteine in ischemia reperfusion injury of the testis. Further studies are required to clarify the exact mechanism mediating testis injury following skeletal muscle ischemia reperfusion.
The authors declare no conflict of interest.
IR group IR + NAC group 
